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ABSTRACT: Sugar cane bagasse was crosslinked with epichlorohydrin in the presence
of NH4OH or imidazole. The obtained water-insoluble products were characterized in
terms of yield, anion-exchange capacity, packed volume, and dye-binding properties.
Yields were highest using a 3 : 1 epichlorohydrin to NH4OH molar ratio, producing
weak anion exchangers. The weak anion exchangers had low dye-binding capacities
compared to their total anion-exchange capacities. A 2 : 1 epichlorohydrin-to-imidazole
molar ratio proved best for making strong anion exchangers from bagasse. The strong
anion exchangers had dye-binding capacities comparable to their anion-exchange capac-
ities, indicating that they might be useful for removing anionic dyes from wastewater.
q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 2561–2566, 1997
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INTRODUCTION losic for anionic dye binding has not been fully
explored.3 While quaternized cellulose has the
ability to bind anionic dyes,4 it costs much moreAgricultural residues represent a cheap and envi-

ronmentally safe source of material for the prepa- than quaternized crop residues, which may also
be useful for preparing paper additives.5–7 Theration of ion exchangers that may be useful for

metals and color removal from water.1–3 To en- reaction of E with ammonia in the presence of
cellulose produces a weakly basic anion-exchangesure good performance, these materials should be

structurally stable under mildly acidic or basic material.8–11 The formation of polyamines by reac-
tion of ammonia with E is well understood ion-aqueous conditions (pH 2–12). Epichlorohydrin

(E), a commonly used crosslinking agent, effec- exchange polymer chemistry.12,13 Thus, there is a
body of evidence that suggests that inexpensivetively stabilizes agricultural residues for the prep-
dye adsorbents could be prepared from crop resi-aration of weakly acidic cation exchangers.2 The
dues with reactions involving E and ammonia orpotential for using chemically modified lignocellu-
other nitrogen-containing molecules.

The present study describes the crosslinking ofCorrespondence to: J. A. Laszlo.
sugar cane bagasse (B) with E in the presence ofNames are necessary to report factually on available data;

however, the USDA neither guarantees nor warrants the stan- NH4OH or imidazole (I) . The obtained weakly
dard of the product, and the use of the name by USDA implies and strongly basic ion exchangers were comparedno approval of the product to the exclusion of other that may

according to their total exchange capacity (Q ) andalso be suitable.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/132561-06 dye-binding properties. The purpose of this work
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was to identify reaction conditions that produce the exchanger).4 The amount of dye bound by the
exchanger was calculated from the difference be-modified bagasse products in high yield having

substantial dye-binding capacity. tween initial and final (equilibrated) dye concen-
trations.

EXPERIMENTAL
Chemical Modifications

Materials
Bagasse (5 g dry weight) was mixed with 50 g
of 17.5% NaOH and stirred at 607C for 20 min.Bagasse was prepared as described previously.1

Subsequently, E (50 g) and NH4OH (50 g of aDyes used were Alizarin Red S monohydrate (Ald-
28% solution) were added and the sample main-rich, dye content 70%; abbreviation: ARS) and Re-
tained at 607C under reflux for 4 h. The insolublemazol Brilliant Red F3B (C.I. Reactive Red 180,
product was collected by vacuum filtration,Hoechst Celanese Corp.; abbreviation: F3B) hy-
washed with water until the filtrate pH was neu-drolyzed as described previously.4 For some exper-
tral, and then freeze-dried and mechanically ho-iments, hydrolyzed F3B was prepared by heating
mogenized. In this way, B–E–NH4OH (BEA, N0.5 mmol of reactive dye (96% purity) at 507C for
Å 7.92%, Table I, sample 1) was prepared. Varia-1 h in 100 mL of 25 mM NaOH. The dye was then
tions on these reaction conditions (i.e., with differ-diluted to a final concentration of 1.0 mM. All
ent ratios of E, NH4OH, NaOH, and H2O) areother chemicals used were reagent grade.
listed in Table I.

Bagasse modified with E and I (BEI) was pre-
Methods pared by reacting B (2 g) with water, E, I, and

NaOH, in quantities listed in Table II, in a glassPlastic reactors (120 mL volume) with pressure-
vessel under reflux or in a closed, pressure-releas-releasing adapters (pressure up to 830 kPa) or
ing plastic reactor for 24 h at 227C. The obtainedglass vessels equipped with reflux condensers
BEI samples were washed with deionized water,were used for chemical-modification experiments.
dried in vacuo at 227C, and homogenized.For the determination of exchanger packed vol-

umes (PV), samples (0.1–0.2 g of sample in Cl0

form) were mixed with 10 mL of 0.0975 N NaOH
and rotated overnight, centrifuged at 2000 g for

RESULTS AND DISCUSSION10 min in volume-calibrated tubes, and then
equilibrated for 2 h. Potentiometric titrations
were conducted using a Metrohm 702 SM Titrino A variety of reaction conditions and reactant stoi-

chiometries were examined to determine the in-(Brinkman) automatic titrator. Following PV de-
termination, the sample solution was then back- fluence of these factors on product yield, efficiency

of reactant use, and certain physical propertiestitrated with 0.0974 N HCl to determine total ex-
change capacity (Q ) , using 60 s equilibrium inter- (PV and Q ) of the prepared exchangers. Reaction

efficiency, measured by the yield of the water-in-vals between 0.05 mL additions of titrant (the
‘‘excess-NaOH’’ titration method). For direct ti- soluble product mass and nitrogen content, deter-

mines to a large extent the overall economics oftration of the ion-exchanger samples, 1 min to 1 h
equilibrium intervals were used. Nitrogen content producing these materials. Thus, optimal reaction

conditions were sought. Similarly, product totalwas determined by the micro-Kjeldahl procedure
or with a Fisons EA-1108 instrument. exchange capacity (a function of nitrogen content)

was measured since it should reflect the potentialDye-binding capacities were determined as a
function of solution pH with approximately 15 mg performance of the exchanger (i.e., high exchange

capacity is preferable to low exchange capacity(ARS) or 50 mg (F3B) of exchanger equilibrated
for 20 h with 1.0 mM dye solution (100 mL), ad- in most applications). Packed volume reflects the

extent of polymer crosslinking in the exchanger,justed to pH 3–11 with solid NaOH or 2 N HCl.
At the end of the equilibration period, solution pH counterbalancing the swelling effect of introduced

exchange sites. Large PV values facilitate pene-was determined and an aliquot was filtered and
diluted 50-fold into 100 mM Na2CO3 buffer (pH tration of ions to exchange sites, but may make

the exchanger unsuitable for packed-bed applica-11.6) to spectrophotometrically determine the
concentration of free dye (i.e., dye not bound to tions.
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Table I Results of Crosslinking of Bagasse with E in the Presence of NH4OH

Bagasse Moles of Components Mass Nitrogen
Sample Mass Yielda Yieldb PV Q

No. (g) E NH4OH NaOH H2O (%) (%) (mL/g) (mmol/g)

1c 5 0.540 0.370 0.218 3.891 703 44 3.1 4.6
2c 5 0.108 0.286 0.250 1.428 102 6 9.6 3.1
3d 5 0.108 0.286 0.250 1.428 143 9 7.6 3.6
4d 5 0.100 0.033 0.100 0.165 153 77 6.8 3.3
5d 5 0.100 0.300 0.300 1.500 77 2 7.3 1.9
6d 5 0.100 0.100 0.100 0.500 149 34 8.4 4.5
7d 5 0.002 0.002 0.100 0.100 94 38 9.8 1.6
8d 1 0.020 0.020 0.100 0.100 150 28 8.6 3.7
9d 1 0.100 0.100 0 0.500 455 30 7.7 6.6

10d 1 0.033 0.100 0 0.500 75 1 18.0 0.8
11d 1 0.300 0.100 0 0.500 1035 71 4.3 6.9

a Yield of dry, water-insoluble material as a percentage of initial bagasse weight.
b Percentage of applied N incorporated into water-insoluble product.
c Stirred in glassware under reflux.
d Stirred in plastic reactor with pressure-releasing adapter.

BEA Yield and Physical Properties E and NH4OH lowered yields and increased PV
values (samples 2–10). Reaction under closed-
vessel conditions (Table I, sample 3) improvedLarge differences in yield, Q , and PV of ex-

changers were observed with modification of B by yield and Q values in comparison to reflux condi-
tions (sample 2). With a closed reactor, pressureE and NH4OH under various reaction conditions

(Table I) . With very high ratios of reactants to was built up during the first few minutes as a
result of the exothermic reaction. Under reflux,bagasse, product yields and Q values were large

(samples 1 and 11). The PV values of these prod- the reaction remained at atmospheric pressure,
which may account for the differences in yieldsucts were lower than those of unmodified bagasse

(5.4 mL/g). Decreasing the reaction content of (mass and nitrogen) and Q values observed for

Table II Conditions and Results of BEI Experiments

Bagasse Moles of Components Mass Nitrogen
Sample Mass Yielda Yieldb PV Q

No. (g) E I NaOH H2O (%) (%) (mL/g) (mmol/g)

1c 2 0.008 0.008 0.025 0.333 68 17 — 1.0
2c 2 0.042 0.042 0.125 0.333 93 5 14.1 1.1
3c 2 0.042 0.042 0.125 1.444 70 5 — 1.5
4c 2 0.100 0.100 0.100 0.333 69 2 13.2 1.1
5d 2 0.042 0.042 0.125 0.556 64 2 13.2 0.8
6d 2 0.042 0.042 0 0.556 86 6 14.8 1.5
7e 2 0.100 0.100 0.100 0.333 203 13 9.2 3.1
8e 2 0.200 0.100 0.100 0.333 139 1 10.9 1.2
9e 2 0.100 0.050 0.100 0.300 381 26 7.3 1.7

10e 2 0.020 0.010 0.100 0.500 115 30 8.4 1.3
11e 2 0.020 0.010 0.100 1.000 58 7 8.9 0.6

a Yield of dry, water-insoluble material as a percentage of initial bagasse weight.
b Percentage of applied N incorporated into water-insoluble product.
c Stirred in glassware under reflux.
d Prepared under vacuum (24 h at 227C).
e Stirred in plastic reactor with pressure-releasing adapter.
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samples generated in closed vs. open reaction ves- determination conditions (see below). Charge-in-
duced swelling of the BEI exchangers may ac-sels.

A 3 : 1 molar ratio of E to NH4OH (Table I, count for their generally higher PV values.
Use of a closed reactor again resulted in in-samples 4 and 11) resulted in the highest NH4OH

incorporation efficiency of the reaction conditions creased yield and Q values and decreased PV val-
ues compared to the reflux reactor (compare sam-examined. This 3 : 1 ratio suggests that tertiary

amines (i.e., three 2-hydroxypropyl groups) are ples 4 and 7), which, in turn, was preferable to
partial vacuum conditions (compare samples 3the preferred form of the exchange site created in

the insoluble product. Reversing the E to NH4OH and 5). This suggests that volatile reactants
(such as epichlorohydrin) may have been lost inratio to 1 : 3 drastically decreased yields (samples

5 and 10), implying that mostly soluble polymers the open systems during the initial exothermic
phase of the reaction. Alternatively, pressureare formed under these conditions and are not

incorporated into B. With 1 : 1 ratios of E to buildup in closed reactor may have improved con-
tact of E and I with B polymers.NH4OH (samples 6–8), results intermediate to

those obtained with 3 : 1 and 1 : 3 ratios were The extent of I incorporated into B under closed
reactor conditions (Table II, samples 7–11) wasproduced. Regardless of the reactant molar ratio

employed, potentiometric titrations of BEA sam- found to be quite sensitive to reactant ratios. Ni-
trogen yield (i.e., percentage incorporation of I)ples directly from the free base form showed sin-

gle endpoints close to pH 4.0, which indicates that was highest with an E : I : NaOH : H2O molar
ratio of 0.02 : 0.01 : 0.1 : 0.5 on 2 g of B (sampleonly weak amine-exchange sites were produced.

Omitting NaOH from the reaction mixture (Ta- 10). Therefore, a 2 : 1 E to I ratio would appear
to be best for the efficient use of I. However, theble I, samples 9–11) did not significantly alter

the outcome from those reactions containing largest BEI Q value was obtained at a 1 : 1 E to
I ratio (sample 7). An increase in E to I of 1 : 1NaOH with comparable amounts of E and

NH4OH. The absence of NaOH likely precludes to 2 : 1 without a concomitant increase in NaOH
drastically decreased I incorporation (comparethe activation of carbohydrate or lignin hydroxyl

groups required for reaction with E. Thus, it is samples 7 and 8). Even a modest increase in H2O
in the reaction (0.5 vs. 1.0 mol) diminished yieldlikely that samples generated without NaOH

present consisted of large polyamine blocks with significantly (compare samples 10 and 11). With
such exquisite sensitivity to reaction conditions,few or no crosslinks to B.

The percentage of nitrogen in samples, in gen- it is likely that the optimal BEI synthesis was not
achieved in this study.eral, was within 5% agreement with Q values de-

termined by the excess-NaOH titration method. Direct titrations of BEI samples in OH0 form
with HCl displayed a single endpoint, near pHSamples in H/ form titrated directly with NaOH

or samples in free base and/or OH0 form titrated 7.6, reflecting the presence of only imidazolium
groups (i.e., strong anion-exchange sites). The ab-directly with HCl had Q values that were lower

than expected based on nitrogen content. This sence of additional endpoints in the BEI sample
titrations indicates that there were no tertiarymight be due to the inability of the ions to pene-

trate into the cell wall material within the allowed amines present as a result of incomplete modifi-
cation of I with E.titrant equilibration time (up to 1 h equilibrium

intervals during the titration). It might be also
due to the irreversible collapse of the pores caused

BEA and BEI Dye-binding Propertiesby drying, as has been hypothesized by others.14

The dye-binding capacities of the prepared ex-
changers were examined as a function of pH (Fig.

BEI Yield and Physical Properties 1). BEI (Q Å 3.1 mmol/g, Table II, sample 7)
bound more ARS and F3B than did BEA (Q Å 4.6Crosslinking of B with E and I introduces imida-

zolium groups into the lignocellulosic material. mmol/g, Table I, sample 1) over the entire pH 3–
11 range. Unmodified bagasse had very little dye-The yields and Q values of BEI derivatives were

smaller in general (Table II) than those of the binding capacity. The greater dye binding by BEI,
although having a smaller Q value than that ofBEA products; conversely, the PV values were

larger, indicating a lower crosslinking density. BEA, might be due to a greater affinity of dye for
strongly basic imidazolium groups in comparisonThe BEI derivatives, unlike the BEA derivatives,

are still charged under the strongly alkaline PV to the weakly basic BEA exchange sites.
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Figure 1 Relation between dye-binding capacity and pH of bagasse samples: BEA
(Table I, sample 1; triangle), BEI (Table II, sample 7; circle) , and unmodified B
(square).

Table III provides a comparison of the dye- CONCLUSIONS
binding capacities, determined at pH 3.0, to the
total exchange capacity (Q ) of selected samples. Weakly and strongly basic ion exchangers can be
With BEI, ARS bound to a greater extent than prepared from bagasse by crosslinking with E–
expected based on the total exchange capacity of NH4OH or E–imidazole, respectively. For the
the sample, while F3B binding was less than Q . production of weakly basic resins (BEA), the opti-
The cause of the excess ARS binding is not known, mal molar E : NH4OH : NaOH reactants’ ratio is
but may result from dye aggregation or stacking approximately 0.1 : 0.033 : 0.1 (for 5 g of B). For
on the exchanger similar to that which has been the preparation of the strongly basic anion ex-
observed with certain water-soluble cationic poly- changer (BEI), the molar ratio of E : I : NaOH :
electrolytes.15 All the exchangers demonstrated H2O experimentally observed at 0.02 : 0.01 : 0.1 :
an approximately 3 : 1 molar ratio of ARS : F3B 0.5 (on 2 g of B) reacted in a closed reactor pro-
binding ratio, which likely reflects the dyes’ 1 : 3 vided the best conditions for incorporating imid-

azole into insoluble products. Because the dye-charge ratio at pH 3.0.

Table III Comparison of Dye-Binding Capacities and Q Values of Selected Exchangers

Dye-binding Capacitya

Exchanger Sample/ ARS F3B Q
Type Table No. (mmol/g) (mmol/g) (mmol/g)

BEA 10/I 1.9 0.6 3.8
BEA 8/I 0.5 0.2 3.1
BEA 7/I 0.6 0.3 3.2
BEA 3/I 2.2 0.6 4.6
BEA 4/I 1.0 0.2 3.5
BEI 8/II 2.1 0.6 1.2
BEI 9/II 3.3 1.1 1.7

a Conditions: All samples were equilibrated with ARS (3 mM initial concentration) or F3B (1 mM initial concentration), at pH
3.0, for 20 h at room temperature.
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